Response properties of the visual neurons in the prearcuate and periprincipal areas of the prefrontal cortex were examined in awake monkeys. The findings obtained are as follows :
Recently several authors described that there were many visual neurons in the prearcuate and periprincipal areas of the monkey dorsolateral prefrontal cortex (Mohler et al. 1973; Pigarev et al. 1979; Mikami et al. 1982 ). Moreover, it was found that the neuronal location in the areas had a close relation to the eccentricity and the size of their visual receptive fields (RFs ; Suzuki and Azuma 1983 ). The neurons located in the lateral part of the areas had relatively small RFs in the central region of the visual field, while those in the medial part had large RFs in a considerably eccentric region of the contralateral visual field. Anteriorly located neurons had larger RFs than posteriorly located ones. Such systematic arrangement of the neurons in the cortical areas concerning the visual field may indicate that the areas contribute to obtaining the information of the visual space around the animal and subserve the localization of a stimulus in the space. It was expected that this suggestion was further verified by detailed investigation on the response properties of neurons in this wide areas. The purpose of the present experiments is to examine the response properties of the neurons sampled as widely as possible over the areas.
While several authors have already studied the neuronal properties (Mohler et al. 1973; Pigarev et al. 1979 ; Mikami et al. 1982) , they explored the activity of the neurons only in restricted parts of the areas.
METHODS
Behavioral task for eye fixation. Seven macaque monkeys (four Macaca mulatta and three Macaca fuscata ) weighing 4.5-8.2 kg were used. To obtain visual responses of the prefrontal neurons in an awake monkey, the animal was first trained for fixating his eyes on a tiny, dim light spot. The monkey was seated in a primate chair facing a translucent screen placed 57 cm away from his eyes. After a 6-sec intertrial period, a 0.2° diameter, dim light spot appeared at the center of the screen (center spot). Then, he became aware of it and pressed the lever. The spot stayed on after the lever press for a random interval between 1-4 sec and was slightly brightened for 0.5 sec. When the monkey released the lever within this brightening period, he received a drop of juice as a reward. In this behavioral task, the animal continuously fixated his eyes on the center spot so as to detect the unpredictable slight change of its brightness. This task was usually completed in a 1-3 weeks' training.
Surgery. After the completion of the training, the skull over the dorsolateral prefrontal cortex was opened by 1.7 cm diameter under Sernylan anesthesia. The dura was left intact. A stainless-steel cylinder was cemented to the skull concentrically with the opening. Four bolts with nuts were also implanted in the skull. Thereafter, antibiotics were given for 3-5 days.
Recording. Recording sessions were started in 7-10 postoperative days. In a daily recording session, the monkey was seated in a primate chair with his head immobilized by tightly fixing the implanted bolts to a clamp. The surface of the dura in the cylinder was washed first with dilute disinfectant solution and then physiologic saline. A microdrive stage (Narishige, MO-95) was set on the cylinder and the cylinder was filled with warm sterilized liquid-parafin to make a closed chamber. By means of the stage, a glass=insulated Elgiloy microelectrode (Suzuki and Azuma 1976 ) was inserted through the dura into the cortex. The electrode had a sharp tip with 20-30 p m uninsulated portion. Via the electrode, neuronal activities were led to a high-impedance preamplifier. Eye position of the animal was monitored as horizontal and vertical electroculograms (EOGs).
In 4-6 weeks after the surgery, fibrous tissue was proliferated on the dura so that the electrode tip was bent and the glass insulation was broken on the penetration. In this case the monkey was again anesthetized and the fibrous tissue was surgically removed.
Visual stimulation. While the monkey fixated on the center spot in the abovementioned behavioral task, another light stimulus (RF stimulus) was presented on the various sites of the 90 x 90° screen for 1 sec from 0.5 sec after the lever press. As the RF stimulus a light spot and a slit were used. The stimulus was projected from 2 m behind the screen using a tungsten lamp with 5-cosec compensated rise-time on turning-on. Thus, 0.1-20° diameter circular light spots and also slits with various orientations were obtained. The location of RF stimulus on the screen was controlled by electrically driven double mirror system. When necessary, the RF stimulus was presented on a white wooden board beside the screen by a hand-held projector. The brightness of the RF stimulus was usually set at about 10 cd/m2, 1 log unit above background illumination and this could be reduced by neutral density filters by 0.1 log unit step. The stimulus could be moved in every direction on the screen with a velocity between 0-500°/sec up to 40° span.
Acquisition and analysis of data. The microelectrode was advanced gradually in the cortex, while neuronal noise was monitored with an audio-speaker and on oscilloscopes.
When the presentation of the RF spot elicited a change of the noise level, the electrode was carefully moved up and down to isolate single-unit activities. Then, visual RF of the neuron was determined by using 0.5 or 1° stationary RF-spot, and its responses to various stimulus-parameters were further examined.
Unit activities were converted into pulses with a window discriminator, processed in an on-line computer system (Nippon Data General, 01 Tokyo) and displayed on a terminal (Tektronix, 4010-1 Tokyo) as raster patterns and peristimulus time histograms with respect to the stimulus. When a later analysis was necessary, data were stored on a magnetic tape with a seven=channel tape recorder (Shinko, RCD-926H Tokyo).
Histological examination. In the recording sessions, some recording sites were marked by electrolytic deposition of iron from the tip of Elgiloy microelectrode (Suzuki and Azuma 1979) . A positive voltage of 2-3 V was applied to the electrode and about 40012C was passed to dissolve the tip. The marked sites were colored later by the Prussian blue reaction.
When all the recording sessions were finished, the monkey was deeply anesthetized with an overdose of Nembutal. The brain was then perfused from the left ventricle of the heart with saline followed by 10% formalin containing 2% ferrocyanide. For obtaining the reference points of the coordinate on the brain surface, several cortical sites of known coordinates in the cylinder were marked by electrolytically dissolving iron from insect pins. Thereafter, the brain was removed from the skull and hardened further in ferrocyanideformalin solution containing 10% sucrose for a week. It was frozen and cut at the thickness of 50 pm. Every other section was stained with cresyl violet and examined under a microscope. Marked recording sites were evidenced by about 150-pm blue spots surrounded with glial cells.
RESULTS

Distribution of visual neurons on the cortex and their classification
A total of 493 visual neurons were obtained from the dorsolateral prefrontal cortices of 12 hemispheres and were used for the following description. As seen in the upper panel of Fig, 1A , most visual neurons were distributed in the inferior dorsolateral area, inferior and superior prearcuate areas, and some in the superior dorsolateral area near the principal sulcus. As described previously (Suzuki and Azuma 1983) , the neurons located in the lateral part of the areas had relatively small RFs in the central region of the visual field, while those in the medial part had large RFs in a considerably eccentric region of the contralateral visual field. Anteriorly located neurons had larger RFs than posterior ones. According to this neuronal arrangement in the areas in terms of RF size (square root of RF area) and eccentricity (distance from fixation point to the RF-center), the visual neurons were classified into following three groups : (1) small RF-eccentricity and small RF-size neurons (SS in Fig. 1A ) which were mainly located in the postero-lateral portion of the distributed areas, (2) small eccentricity and large size neurons (SL) located mainly in the antero-lateral portion, and (3) large eccentricity and large size neurons (LL) located medially. Since the RF-eccentricity became large with a change of neuronal location toward the medial direction, the visual neurons could be first divided into two groups according to RF eccentricity, and their location along the latero-medial axis on the cortex. Each of the divided neuron groups was to be divided further into subgroups according to the RF size, and their location along the antero-posterior axis. However, this could be only available for the small-eccentricity group, and laterally located neurons. As seen in Fig. 1B , a minimal RF-size was present for a given RF-eccentricity and this was increased when the eccentricity was increased. Therefore, the neurons with small eccentricity were able to take various RF-sizes, and were further divided into larger and smaller RF-size subgroups. But those with large RF-eccentricity took only large RF-size, and then were not further divided. Thus, the whole population of the visual neurons in the areas were classified into three groups : SS, SL and LL. As the critical values for this classification, 10 ° eccentricity and 10° size were chosen (Fig. 1B) .
When the response properties were compared with one another among the three neuron groups, it was found that their difference was generally quantitative. Then, in each of the following sections the common response properties of the neuron groups are first described and their difference between the groups is pursued. Responses to stationary, circular spot Response patterns. When a stationary, circular RF-spot of 0.5 or 1° diameter was presented at the most responsive site in the RF, most neurons (490/493) increased their discharge rates. The response latency was 55-140 msec in interquartile range. As illustrated in Fig. 2A , the response patterns were phasic activation (a, b, f ; 40.4%), inital phasic and following tonic activation (c; 42%), tonic activation (d, e ; 16.8%), and suppression (0.8%). Off-response (see f) was seen in about 10% of the phasic and phasic-tonic neurons, but not in tonic neurons.
The major response types (phasic, phasic-tonic and tonic) were seen in every neuron group, but their proportion in each group was different (Fig. 2B) . The pure phasic response was relatively small in number in SS neuron group (15.7%), whereas large in SL (44.6%) and LL groups (43.4%). Such similar proportion of the phasic pattern in SL and LL groups may indicate that this pattern is popular in large RF-size neurons irrespective of the RF eccentricity. By contrast, the tonic responses (pure tonic or tonic following initial phasic) were commonly seen in SS groups (84.3%) as compared with SL (55.4%) or LL groups (66.6%). This is also interpreted as that the tonic responses were abundantly present in small RF-size neurons.
Response gradation in RE. The RFs determined using a stationary RF-spot were generally round or oval in shape when they were relatively small, while hyperbolic in the case of extremly large size. They were usually located in the visual field contralateral to the recording hemisphere, though some RFs extended into the ipsilateral field. As illustrated in Fig. 3 , the responses of the neurons were different due to the RF-spot location within their RF. The largest resonse was usually obtained at a site on the line from the fixation point to the RF center, and it was usually deviated toward the fixation point from the RF center. At the site, the response showed shortest latency with least intertrial variations. A deviation of RF-spot location from the site toward any direction brought about the reduction of response strength. The slope of the reduction was steeper toward the foveal direction than toward the opposite, peripheral direction. In the neurons showing initial phasic and the following tonic activation, the phasic component was evoked usualy in a broader area than that of the tonic one, especially in the peripheral direction (Figs. 3A and B) .
Such gradation of responsiveness within an RF was observed in every group neuron. However, in the RFs of some LL-neurons which extended to the Thick dot in RF, most responsive site. Cross, fixation point. Right side to the cross represents contralateral visual field to recording hemisphere.
In the right column gradient of responsiveness is shown. Abscissa, distance from the fixation point toward the direction indicated by arrow in the middle column. One division of ordinate, 20 spikes/sec increase of average discharge rate by RF-spot presentation.
Solid and broken lines show phasic (a 100-msec period between 50-150 msec after RF-spot onset) and tonic (0.5-1 sec) activation respectively.
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V lsua 1 Neuron 143 peripheral edge of the visual field, the most responsive site was found near in the peripheral edge of the RF and from the site the response was decreased gradually toward the foveal direction.
Responses to stimuli with various parameters
Selective responsiveness to stimulus size. The visual response of the prefrontal neurons depended on the size of the RF spot, and usually large response was induced by a small-size stimulus.
This was especially pronounced in small-RF neurons. The neuron illustrated in Fig. 4Aa had a RF of 5°diameter, and the response of this neuron reached a maximum already with 0.2° diameter spot.
When larger spot was presented, the responses became rapidly weaker (d). On the other hand, the neurons with large RF reached the response peak on above 0.5° RF-spot, and then a gradual decrease of the response occurred on further increase of RF-size toward a certain activity level above the baseline (Figs. 4Ab and e ; 
Fig. 4Ac and f).
Of 107 neurons, the effect of RF-spot size on the response was quantitatively examined. The dotted portion of bar graph in Fig. 4B indicates the neuron population whose response to 5° spot was reduced below a half of that to 0.5° spot. More than a half of SS group neurons (61.3%), about one third of SL (36.4%), and one tenth of LL neurons (9.2%) showed such rapid reduction of the response. This may suggest that covering a certain extent of the RF with the RF spot is critical for the reduction of the response.
Stimulus orientation, movement, etc. Fig. 5A exemplifies the response of a visual neuron to a slit of various orientations.
The neuron responded with phasic-tonic activations with off-response to a 2 X 10° slit, and the response was virtually the same irrespective of orientation. The prefrontal visual neurons also did not show any selective responsiveness to the directon or pattern of a moving stimulus (Fig. SB) . Such inert neuronal behavior to the orientation of slit stimulus and the direction of movement of the RF stimulus was observed in all neurons examined (N=26). Thus, the description by previous authors ( brightness change in diffuse background illumination failed to induce any response. Further, the direction of the gaze axis did not affect the location of the RF in the visual field.
Dynamic range of response to brightness. The brightness change of an RF stimulus also little affected the visual response of the neurons. This was due to the fact that the response was saturated when the stimulus was brighter only by several tenths log-unit above the threshold. Fig. 6 shows an example of such neuronal behavior. The neuron was classed into LL group and responded with the phasic-tonic pattern to a stationary 0.5° spot of about 10 cd/m2 (top histogram in 6A). When the brightness of the stimulus was reduced by the steps of 0.3 log unit to 0.9 log unit, the responses remained in similar response strength. However, more 0.3 log-unit reduction in the brightness brought about a sudden failure of the response (bottom histogram in 6A). Such properties of the narrow dynamic range were seen in all prefrontal visual neurons. The threshold for response generation regarding the stimulus brightness was generally lower in the SS and SL neurons than in LL neurons. This may suggest that the sensitivity of response generation is in inverse proportion to the RF eccentricity. Abscissa shows diminution of RF-spot brightness by log unit.
Visual response on saccade
As reported by other authors (Wurtz and Mohler 1976; Goldberg and Bushnell 1981) , a considerable number of the visual neurons showed an enhancement of the visual response when the animal made a saccadic eye movement to a stimulus in their RFs. In Fig. 7 is shown a neuron which responded with a phasic-tonic pattern (Aa) to a 0.5° RF-spot presented at the most responsive site in RF (Ac). The neuron showed a conspicuous increase in the activities when a saccade was generated to a light spot within the RF (7Ab ). Of 128 neurons examined, fifty (39.1%) showed such enhancement of the visual response. The proportion of the neurons showing such enhancement of the response on saccade was virtually similar in every neuron group (Fig. 7Ba) . But, its occurrence well depended upon response patterns (Bb) : The response initiated with phasic pattern, ie. phasic neurons (48.1%) and phasic=tonic neurons (45.1%), showed the enhancement more commonly than tonic ones (10.7%).
DISCUSSION
The present experiments showed that the visual neurons obtained widely in the dorsolateral prefrontal cortex had several common response properties despite of the presence of three neuron groups classified due to their RF size and eccentric- ity. Then, the wide cortical region may be, as a whole, performing a particular function. As suggested in the previous papers (Suzuki and Azuma 1983 ; Azuma and Suzuki 1984) , the region may deal with the information of stimulus location in the space around the animal. The present experiments revealed that the response of the visual neurons became weaker by a larger RF-spot and diffuse illumination did not elicit the response at all. Such properties may be suitable for detecting a visual stimulus occupying a limited extent in the space. Moreover, the neurons responded independently of brightness, shape, orientation and moving direction of the stimulus. These response properties may be also favorable for the detection of the presence or absence of an object at a certain location in the visual field. Further, the gradation of responsiveness within RF may be appropriate for accurate localization of the stimulus.
The quantitatively different properties among the neuron groups may suggest that there is some differentiation of the visual function in the cortical areas or the neuron groups. The specific responsiveness to small size stimulus often noticeable in the SS group neurons may be in line with accurate localization of an object in the foveal region. Also, a abundance of neurons with low-threshold to the brightness in small-eccentricity SS and SL groups may be considered in parallel with the detection and localization of an object at the fovea. Furthermore, the fact that the pure phasic pattern is commonly found in large RF-size neuron groups may indicate that the types of neurons may carry only the information of the onset, but not continuation of a stimulus in the visual space. In this context, it was interesting that a large proportion of the phasic neurons showed an enhancement of their visual responses on saccadic eye movements to a target in their RF, because the enhancement was often related to attentional performance of the animal (Goldberg and Wurtz 1972) .
The present experiments showed that about a half of prefrontal visual neurons responded to a stationary RF-spot with a phasic activation, while the remaing half was activated with a tonic pattern with or without initial phasic one. By contrast, previous authors (Mohler et al. 1973 : Mikami et al. 1982 described that the most visual neurons responded only with phasic response. Such discrepant result may be due to that they mainly recorded activities of large-RF neurons which often represent eccentric part of the visual field and tended to respond phasically (see Fig. 2 ). They may have used large RF-stimulus that evoked only phasic componenet, knocking out the tonic component of phasic-tonic response (see Fig. 4 ). According to our experience, a damage of the cortex on electrode penetration frequently makes the visual response of the neurons weak. Then the phasic response was more easily perceived than the tonic one. These might explain the reason for few tonic neurons in their reports.
Concerning neuronal arrangement of the prefrontal region, the neurons with small eccentricity often showed a response of the phasic-tonic pattern, while those with large RF-eccentricity showed the phasic pattern. 
